Background: The 2ʹ,4ʹ-dihydroxy-6-methoxy-3,5-3-dimethylchalcone (ChalcEA) isolated from Eugenia aquea Burm f. leaves has potential anticancer activity against human breastadenocarcinoma cell lines (MCF-7) with an IC 50 value of 250 µM. However, its apoptotic activity on the T47D breast cancer cell lines which is involving caspase-3 has not been investigated. Materials and methods: Therefore, this study aims to evaluate the cytotoxicity of ChalcEA on the T47D cell lines using the 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST) method and to predict its possible antagonistic activity on the human estrogen receptor alpha (hERα) using pharmacophore and molecular dynamics (MD) methods. The in vitro test of 10 synthesized ChalcEA derivatives was also performed as an insight into the further development of its structure as an anticancer agent. Results: It is shown that ChalcEA has an IC 50 of 142.58 ± 4.6 µM against the hERα-overexpressed T47D breast cancer cell lines, indicating its possible mechanism of anticancer activity as an antagonist of hERα. Pharmacophore study showed that ChalcEA shares similar features with the known hERα antagonist, 4-hydroxytamoxifen (4-OHT), which has hydrogen bond donor (HBD), hydrogen bond acceptor (HBA), ring aromaticity (RA), and hydrophobicity (Hy) features. Molecular docking showed that ChalcEA formed hydrogen bonds with Glu353 and Arg394, and hydrophobic interactions in a similar manner with 4-OHT. Moreover, MD simulations showed that ChalcEA destabilized the conformation of His524, a remarkable behavior of a known hERa antagonist, including 4-OHT. Furthermore, the 10 best chalcone derivatives resulted from pharmacophore-and docking-based screening, were tested against the T47D cell lines. None of the derivatives have better activity than ChalcEA. It is suggested that the functional groups at the B-ring of ChalcEA are interesting to be further optimized in the next studies. Conclusion: ChalcEA might act as an antagonist toward hERα, thus warranting further investigation as a potential anticancer agent.
Introduction
Breast cancer is a leading cause of cancer deaths and is the most malignant form of cancer in women today. 1, 2 Statistics from 2005 show that Indonesia has 0.41 rate ratio of mortality to incidence (MR:IR), meaning that 41% of patients died from 100% of the cases. 3 Previous studies suggested that breast cancer was highly affected by ovarian hormones. 4, 5 Circulation of estrogens has been associated with the increase of the risk for breast cancer in women. It is evidenced that estrogen is a key determinant of risk for breast cancer. 6, 7 Estradiol is a natural steroidal compound that acts as an agonist of estrogen. Also, there are various non-steroidal compounds, including tamoxifen, that acts as an agonist or an antagonist of estrogen. 8 The non-steroidal compounds have been reviewed to have various activities as agonists or antagonists, depending on the organ system or genes studied. 9, 10 ERα is a ligand-activated transcription factor that has an important function in many tissues and plays a critical role in the aetiology of breast cancer. 11, 12 Since ERα is a major target for the treatment and prevention of breast cancer, many anti-breast cancer compounds have been designed to bind ERα to produce different pharmacological profiles. Hence, the discovery of natural product compounds that could potentially act as antagonists of estrogen in breast tissue would be useful. 13, 14 In rational drug design, the discovery of new biologically active compounds and leads from the diverse chemical scaffolds have been conducted to optimize the lead compounds from natural products. 15 There are many chemotherapeutic agents for the treatment of cancer, including breast cancer. However, the efficacy of these anticancer agents is still below expectations, also including their undesirable side-effects. 16 This situation has prompted efforts to discover new anticancer agents to overcome the current problems, especially exploring compounds derived from natural products. So far, numerous types of natural compounds with high anticancer activity have been discovered and further investigated. 17 In an effort to discover anticancer agents from the natural product, we isolated a chalcone compound from the leaves of Eugenia aquea which have been identified as a 2ʹ,4ʹ-dihydroxy-6-methoxy-3,5-3-dimethylchalcone (ChalcEA). This compound inhibited the proliferation of breast cancer cell line MCF-7, with an IC 50 of 74.5 µg/mL (250 μM), and promoted apoptosis via the activation of PARP. 18 However, its apoptotic activity on the T47D breast cancer cell lines which is involving caspase-3 has not been investigated. Pharmacophore models produced from structure-based and ligand-based approaches are used to understand the key interaction features of homologs of an active compound and to understand the interaction of a target-binding site with the bioactive ligand. 19 Previously, we have identified the pharmacophoric features of 4-OHT, which composed of 1) hydrophobic features from the butenyl group and aromatic rings; 2) positive ionizable features from the tertiary amine group; and 3) hydrogen bond features from the phenoxy and hydroxyl oxygens with the Glu353 and Arg394. 19 ChalcEA has similar pharmacophoric features with 4-OHT.
For this reason, we predicted that the toxicity of ChalcEA to the breast cancer cell line was due to its binding to the hERα. Therefore, in this study, the cytotoxicity of ChalcEA on the T47D cell lines was evaluated using the 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST) method. The possible antagonistic activity of ChalcEA to the hERα receptor was further investigated by molecular docking, pharmacophore modelling, molecular dynamics simulation, and MM/GBSA binding energy calculation. In addition, the cytotoxicity of several synthetic ChalcEA derivatives was also tested. The result should be useful as an insight into the further development of ChalcEA activity on the cancer cells with selective estrogen receptor modulator (SERM)-like properties. 20 
Materials And Methods Materials Plant Materials
Sample collection: samples were collected from Manoko experiment station, Research Institute for Spices and Medicinal Plants, Indonesian Centre for Estate Crops Research and Development, Lembang, West Java, Indonesia. The isolation procedure was explained by Subarnas et al (2015) in the previous report. 18 Chemicals Chemicals for isolation: ethyl alcohol (EtOH) as an extraction solvent, ethyl acetate (EtOAc), n-hexane, acetone, chloroform, and methanol (MeOH) (Merck) for isolation, and chalcone derivatives from Zamri and coworkers. For assay: cell counting kit (CCK)-8 (Dojindo Lab., Tokyo Japan), foetal bovine serum (FBS) (Gibco), dimethyl sulfoxide (DMSO) (Sigma), Leibovitz L-1, Roswell Park Memorial Institute medium (RPMI) 1640 (Invitrogen), and human ductal breast epithelial tumour cell line T47D cell line were purchased from American Type Culture Collection (Manassas, Virginia).
Equipment
Enzyme-linked immunosorbent assay (ELISA) (Boehringer), Spectrometers (Shimadzu), microplate 96-well plate, and microplate reader, centrifuge, and incubator (Memmert).
Software And Hardware
Software: Gaussian03, 21 LigandScout 4.1., 22 Autodock Vina, 23 Accelrys Discovery Studio Visualizer 3.5, 24 AMBER 14, 25 and AmberTools 1.6. 25 Hardware: A Linux PC powered by octacores Intel Xeon 2.4 GHz processor, GPU NVIDIA GTX 970, and 2 GB of RAM.
Methods

Isolation Of ChalcEA
The isolation process was guided by an application of thinlayer chromatography of a reference compound ChalcEA that was used in a previous study. 18 All fractions were screened with thin-layer chromatography methods and compared with the reference standard. Only the fractions that contained the targeted compound were used for purification. Purification and isolation of the targeted compound were conducted at Universitas Padjadjaran, performed by column chromatography and preparative thin-layer chromatography methods.
Assay
Cytotoxicity tests on T47D human breast cancer cells were done according to the WST (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) method 22 using CCK-8 reagent. 26 CCK-8 was employed as a measure of cell viability. The mechanism of CCK-8 is based on the transformation of a water-soluble WST-8 to a water-soluble formazan (yellow color) by dehydrogenases in the presence of an electron carrier. The completed procedures of this method are published by Han et al. 27 
Cell Culture
The T47D cells were grown in a Roswell Park Memorial Institute (RPMI) medium supplemented with 2 mg/mL insulin, 1 mM sodium pyruvate, 1 mM non-essential amino acids, 4 mM glutamine, 10% FCS, and antibiotics (penicillin-streptomycin). One week before the experiment, the cells were transferred to phenol red-free medium supplemented with 5% C-SFCS.
Cytotoxicity Tests
Subcultured cells were provided every 3-4 days using a trypsin 0.25%-EDTA 0.02% solution (Gibco BRL).
Cell viability was measured by WST assay using CCK-8 reagent. Briefly, cells were grown in 96-well plates for 48 hrs at a density of 2 × 10 4 cells/well in the growth medium. After 24 hrs, ChalcEA was put at over a range concentration from 1.95, 7.81, 31.25, 125, and 500 μg/mL in 5% DMSO. After 48 hrs incubation, the culture medium was removed from the cells and replaced with WST-Medium and dissolved CCK-8 (DOJINDO). Then, 10 μL of 1 N HCl was added to each well and the absorbance was measured at a wavelength of 450 nm with the reference wavelength at 620 nm. Absorbance was measured at 450 nm, then the absorbance measured at the reference wavelength (620 nm) was subtracted to obtain the absorbance of samples. Subsequently, the value of absorbance was used to count the percentage of cell proliferation inhibition (%CPI), known as % inhibition.
The value of % inhibition was used to determine graphic inhibition, after which the linear equation was made from the graphic inhibition. The value of the half-maximal inhibitory concentration (IC 50 ) was calculated using this formula.
Molecular Docking Simulation
The X-ray crystallography of ERα complexed with 4-OHT as positive control system was derived from Protein Data Bank (PDB ID: 3ERT). The ligand structures and macromolecule were separated by Discovery Studio Visualizer 3.5. 3D structures of ChalcEA and its derivatives were optimized by Ligandscout 4.1 Advanced and Hyperchem. All ligands and 3ERT were prepared for molecular docking simulation using AutoDockTools (ADT) 1.5.6. The molecular docking methods were carried out according to a previous study. 19 The receptor and ligands were protonated. The solvation parameters and default Kollman charges 28 were added to the protein atoms. Gasteiger charges were allocated to each ligand atom. 29 The Lamarckian Genetic Algorithm (LGA) parameters were: 100 runs, the mutation rate of 0.02, the population size of 150, elitism of 1, 5,000,000 energy evaluations, and a crossover rate of 0.80. 30 Root-mean-square deviation (RMSD) tolerance was set 1 Å to cluster the docking conformation results. The docking results were visualized by Accelrys Discovery Studio Visualizer 3.5.
Pharmacophore Mapping
The polling algorithm and the best energy option, based on a CHARMm forcefield embedded in LigandScout 4.1, were performed in order to set a conformational for each molecule. 22 The best confirmation of molecules generated was screened to map against the pharmacophore model using the "best fit" option. LigandScout 4.1 was performed to derive the 3D chemical feature-based pharmacophores from the structural data of complex protein structure from PDB (3ERT) using the default settings. The training set from DUD was used for validation.
Structure-Based 3D-Pharmacophore Modeling
The 3D-pharmacophore model was generated from the X-ray structure of ERα in complex with 4-OHT (PDB code: 3ERT) using Ligandscout 4.1. 22 Validation of the 3D-interaction pharmacophore models was done for its capability to differentiate true active compounds from decoys by screening a set of 625 known active and 20,772 decoy compounds obtained from the enhanced Database of Useful Decoys (DUDe: http://dude.docking.org). 31 The dataset from DUDe was transformed into 3D multi-conformational databases for virtual screening using the idbgen algorithm in LigandScout 4.1, which computes conformations and annotates each conformation with pharmacophore features. All of the ChalcEA derivatives were screened virtually using the validated 3D-SB pharmacophore model and the LigandScout 4.1 VS algorithm iscreen, with a maximum of two omitted features to identify and rank ligands in the library that could fit the geometry and features of the 3D-model. The pharmacophore fit score measured the fit of features of each hit compound to the pharmacophore model features and was used to rank the hit molecules retrieved by the pharmacophore model.
Molecular Dynamics Simulation
The crystal structure of hERα in complex with 4-OHT (antagonist, PDB ID 3ERT) was used in this study. The structure of 3ERT was manually corrected using Accelrys Discovery Studio 3.5 32 and AmberTools 25 was used to add the hydrogen atoms to the protein structure.
The 3D structure of ChalcEA was modeled by Accelrys Discovery Studio 3.5. 32 The parameterization of ChalcEA was done AM1-BCC method in the Antechamber module 33 of AMBER 14. The initial structure of ChalcEA in complex with the protein was done by superimposing it onto the crystal structure of 4-OHT complex with hERα.
The minimization and molecular dynamics simulation were performed by using the PMEMD module of AMBER 14. Sterical clashes in the initial structure of ChalcEA complex were removed by stepwise minimization using the steepest descent and conjugate gradient algorithm. The AMBER force field ff14SB was used. Since there was no disulfide bridge formed, the notation of CYS remained unchanged. The MD system was solvated in the TIP3P water box and neutralized by the counterions. A periodic boundary condition (PBC) was applied with the cutoff of the non-bonded interaction of 9 Å. The MD system was gradually heated to a physiological temperature, i.e., 310 K in the NVT ensemble using the Langevin thermostat with a frequency of collision of 1.0 ps −1 and a harmonic restraint of 5 kcal mol −1 Å −2 on the backbone protein. Furthermore, the system was equilibrated for 3 ns in the NPT ensemble with the gradual decrease of the restraint. Finally, a 20 ns production run was performed under the NPT ensemble with the SHAKE algorithm enabled.
Result And Discussion
Cytotoxicity Of ChalcEA On The T47D Human Breast Cancer Cell Lines
The activity of ChalcEA and its derivatives was evaluated against T47D human breast cancer cell lines. The cells were exposed to 10 concentrations of the samples (1.95, 7.81, 15.63, 31.25, 65, 125, 250, 500, 625, 750, 875 μg/mL) for 24-48 hrs. These range concentrations were adjusted based on the previous study. 34 The cytotoxicity of ChalcEAwas indicated by its IC 50 value, calculated from the ratio of absorbance from the presence of formazan, the product of the cell metabolism of WST (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt). Figure 1 shows a dose-dependent T47D cell death after the treatment of ChalcEA. The calculated IC 50 value against T47D cells was 42.49 μg/mL (142.58 ±4.6 µM), lower than that of MCF-7 (250 μM) reported before. 35 This result indicates that the inhibitory activity of ChalcEA against T47D cell lines was stronger than MCF7 cell lines. In other words, the T47D cells were more susceptible than MCF-7 to the ChalcEA due to the different characteristics of each type of cancer cells. Different from the MCF-7, the apoptosis in T47D cells involves caspase-3 activation. 36, 37 It is known that caspase-3 plays an important role in apoptotic pathways through the cleavage of a variety of key cellular proteins. 38 Nevertheless, the mode of action of ChalcEA in breast cancer cells has not been clear. In this study, ChalcEA was predicted to bind to hERα due to the dominant presence of this receptor in breast cancer cells. A hERα full antagonist, 4-OHT, was used as a control in this study. 39, 40 To support our prediction, we implemented pharmacophore mapping, molecular docking simulation, and molecular dynamics simulation to evaluate the possibility of ChalcEA mode of actions as a hERα antagonist.
Structure-Based Pharmacophore Of ChalcEA With 4-OHT
The crystal structure of hERα in complex with 4-OHT was selected as a reference for structure-based pharmacophore study. 41 LigandScout 4.1 was employed to perform the pharmacophore modeling, including its comparative analysis with the docking result. The conformations of ChalcEA were optimized using all possible combination of features and interfeatures distance. Figure 2A shows the seven pharmacophore features derived from the complex of 4-OHT with hERα (IC50: 2nM): one positive ionizable (PI), one hydrogen-bond donor (HBD), one hydrogen-bond acceptor (HBA), one hydrophobic moiety (Hy), and three aromatic rings (RA). As compared with 4-OHT, ChalcEA missed three features: one RA, one HBD, and one PI on the tail of 4-OHT. In Figure 2B , the superimposition between the docking pose of ChalcEA and the boundconformation of 4-OHT suggested that the two aromatic rings (A and B) and 4-OH group of ChalcEA were well mapped with those of 4-OHT, except the hydrophobic tail.
Interactions Of ChalcEA With hERα From Docking
The binding mode of ChalcEA on the antagonist-form of hERα 42 was predicted using AutoDock 4.2. 43 Initially, the co-crystallized ligand, 4-OHT, was re-docked into the ligand-binding site of hERα, resulted in a docking score (free energy of binding) of −9.7 kcal/mol. Figure 3 showed a successful control docking, which indicated low RMSD value between the docking pose and the crystal structure (1.12 Å).
The docking pose of 4-OHT formed hydrogen bonds and hydrophobic interactions with the hERα. Residues involved in the hydrogen bond formations are Glu353 and Arg394. Whereas Leu346, Thr347, Ala350, Trp383, Leu384, Leu391, Met421, and Leu525 are participating in the hydrophobic interactions.
The computed free energy of binding of the ChalcEA in hERα was −8.23 kcal/mol, higher than that of 4-OHT (−9.7 kcal/mol). Similar to the structure-based pharmacophore result, the superimposition between docking pose of 4-OHT and ChalcEA also suggested that the less affinity of ChalcEA was due to the absence of hydrophobic tail (Figure 4 ).
Previously, we have observed that the hydrophobic tail of 4-OHT plays an important role in its antagonistic activity. In a 20 ns of MD simulation, the hydrophobic tail interfered the hydrogen bond network between helix-3 and helix-11 of hERα in agonist-form. 34 One of the known molecular mechanisms of hERα antagonist is through the disruption of zipper-like hydrogen bond network among Glu419, His524, and Lys531. 34, 39, 44 Moreover, the hydrophobic tail of 4-OHT also in contact with the flexible loop, namely 534-loop, in between helix-11 and helix-12. From a 158 ns of MD simulation, the conformation of this loop was different in apo-, agonist-, and antagonist forms. 45 Therefore, the missing 4-OHT's hydrophobic tail features in the structure of ChalcEA might be a reason behind the lower affinity and IC 50 of this compound.
Molecular Dynamics Simulation Of ChalcEA
To further study the binding of ChalcEA inside the ligand-binding site of hERα, two sets of 20 ns of MD simulations were performed, namely 3ERT-ChalcEA and 3ERT-4OHT. The RMSD profile of hERα in the presence of ChalcEA was higher than that of 4-OHT, indicating its antagonistic activity by changing the conformation of the receptor ( Figure 5) . Moreover, the similar action of ChalcEA with the 4-OHT is also suggested by the identical residual RMSF profile between the two MD systems ( Figure 6 ). A high fluctuation at the C-terminal of two systems was expected, due to the flexibility of the helix 11-12 regions in the antagonistform of hERα. 45 MD simulations showed no hydrogen bond with His524 was formed. The stabilization of His524 is important for the agonistic activity of hERα ligand. It is required to maintain the hydrogen bond network around the ligandbinding site. 34 For this reason, it is predicted that ChalcEA is an antagonist, not an agonist. To support our prediction, the rotation of His524 throughout 20 ns of simulations was monitored. Figure 7 showed that the side chain of His524 in both MD systems was rotated, implying that ChalcEA acted similarly with the 4-OHT inside the ligand-binding site of hERα.
From the trajectory of MD simulations, the MM/GBSA interaction energy of ChalcEA and 4-OHT was −38.56 kcal/mol and −51.24 kcal/mol, respectively, as shown in Table 1 . This result corresponds with the hypothesis of the 
Pharmacophore-Based Screening
The pharmacophore model that is built by LigandScout 4.1 software (Vienna, Austria) was validated using the ROC curve. Validation of the pharmacophore screening method in Ligandscout 4.1 was performed using a test set consisting of a decoy set and an active set. The active set is a set of compounds or ligands that are known to be active on certain receptors with IC 50 values known from previous research results. Decoy sets are a set of ligands that have structures similar to the active set but are inactive against the receptor. As shown in Figure 8 , the total number of compounds used in the validation process is 21,397, comprising 625 active compounds and 20,772 decoy compounds. These compounds are obtained from http://dude. docking.org/. 46 From the screening results, 17,796 best hits were obtained. EF100% and AUC100% values obtained were 1.2 and 0.94, respectively. Based on this result, the method has been validated due to the high specificity determined by the AUC value of 94%. The X-axis of the ROC curve is the rate of the active compound and the Y-axis is the rate of the decoy compounds. The sensitivity (Se) and specificity (Sp) are plotted in ROC curves, and it is noted that Spsubset = ((Decoystotal − Decoysselected)/Decoystotal) and Sesubset = (Ligandsselected/Ligandstotal). 47 
Virtual Screening
Virtual pharmacophore screening was performed on 113 chalcone derivatives. The best 40 compounds were selected, which were further simulated by molecular docking against hER-α receptors. There are 37 compounds that have fit pharmacophore with tamoxifen more than 50% and 3 other compounds were less than 50% ( Table 2 ).
In Vitro Test Of The Best Compounds
The chalcone derivatives (113 structures) from the ChEMBL database 48 were screened using molecular docking and pharmacophore fit. The activity of 10 synthesizable compounds of the top 20 hit compounds was evaluated by in vitro assay against T47D human breast cancer cell lines. These compounds were synthesized by Zamri and coworkers. 49 Based on Table 2 , the 4-OH group on ring A on chalcone skeleton plays an important role that might affect inhibitory activity. As shown in Table 2 , ChalcEA, CL-4, and CL-1 have a good fit score. However, the substituents of the methoxy on ring B decreased their inhibitory activity due to the change of hydrophobicity of ring B.
ChalcEA has the same hydrophobic aromatic with 4-OHT as indicated by the good overlay between their structures. It is observed that the hydroxyl group at position no. 4 contributed to the binding affinity of CL-1, CL-3, and CL-4. This functional group is similar with that of 4-OHT to form interaction with Arg394 and Glu393. Hydrogen bond interaction was formed between His524 and the hydroxyl group of CL1, CL4, and CL8.
However, CL5 and CL10 did not form a hydrogen bond interaction with the residue.
ChalcEA had free energy binding of −8.23 kcal/mol. Table 2 showed that only two chalcone derivatives (4-OMe and CL4) had low free energy binding with −8.11 kcal/mol and −8.29 kcal/mol, respectively. The ligand of 4-OMe formed hydrogen bonds with Glu353 and Arg394, while CL4 only formed a hydrogen bond with Arg394. The increasing number of hydrogen bond resulted in a lower free energy of binding of 4-OMe than CL4. Thus, 4-OMe has a better affinity compared to CL4 (Figure 9 ).
Conclusion
ChalcEA showed proliferation inhibition activity of T-47D cell lines, with an IC50 142.58±4.6 µM. The possible anticancer action of ChalcEA was due to the antagonistic activity to the estrogen receptor alpha. This suggestion was based on the similarity of pharmacophoric features between ChalcEA and 4-OHT. Furthermore, its mechanism as ERα antagonist was predicted by MD simulation. RMSD, RMSF, and hydrogen bond analysis throughout 20 ns MD simulation showed that ChalcEA had a similar effect toward loop-534 with a disruption of the hydrogen bond network between Glu419, His524, and Lys531. Pharmacophore analysis showed that ChalcEA missed the hydrophobic and negative ionizable features that present in the tail chain of 4-OHT. It can be concluded that ChalcEA might act as an antagonist toward hERα, thus deserving further investigation as a potential anticancer agent from natural products. 
